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tions require the use of termina- 

tions to enable proper system op- 
eration. System designers can select 
from various termination options to 
achieve the optimal balance between 
performance and cost. Various choices 
include standard parallel termination, 
series-resistor termination, dual or 
Thévenin termination, diode termina- 
tion, and ac termination. Of these 
choices, ac termination has the poten- 
tial to maintain signal integrity while 
reducing power consumption in high- 
speed applications. 

High-speed buses using a 
point-to-point configuration of dri- 
vers and sources are tailor-made for 
the ac-termination alternative. Re- 
sults of the analysis show that the ca- 
pacitor can charge almost completely, 
and still provide effective termina- 
tion. In addition, the relatively small 
current requirement of ac termina- 
tion results in significant power sup- 
ply cost savings. 

In multidrop environments (both in 
a single driver with multiple re- 
ceivers, and multiple drivers with 
multiple receivers), ac termination has 
some limitations. Depending on the 
signal levels required, ac termination 
may not be able to achieve the desired 
signal levels at any arbitrary point 
along the line, unless the line is short. 
Other termination types may be bet- 
ter suited for these designs, and care- 
ful analysis is required. 

In high-speed systems, the signal- 
edge rates and bus speeds approach 
the propagation delay of the bus, mak- 
ing appropriate selection and termina- 
tion a necessity. Many high-speed sys- 
tems also use CMOS devices, or 
similar logic, which have large swings 
in driver output signal levels. Com- 


Tio: high-speed bus applica- 


bined with low-impedance buses (typi- 
eally 47 Q to 70 Q), common in practi- 
cal pc-board traces, using parallel or 
Thévenin termination for a transmis- 


| sion line in these environments has 
| significant disadvantages. Specifically, 
| the added power needed due to a con- 
| stant de current flow through the ter- 
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Figure 1b 


1. Based on the requirement to make the overshoot reach the driver’s open circuit voltage, the 
signal amplitude maintains acceptable noise margins, using values of Rs = 10, 15, and 20 W (a). 
In addition, the overshoot and edge—to—edge interaction is held to a minimum (b). 
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mination resistor can be a serious 
drawback. In larger systems, several 
watts of power may be wasted, or ad- 
ditional cost may be incurred to pro- 
vide a separate power supply. 

The ac termination alternative con- 
sists of a resistor in series with a ca- 
pacitor. The resistor performs the ter- 
mination and the capacitor blocks the 
dc average current, saving consider- 
able power. Additionally, ac termina- 
tion can match the bus impedance, like 
pure resistor terminations, but with 
minimal signal reflection. And, it can 
be placed at the end of the transmis- 
sion line while maintaining the signal 
integrity, like parallel and Thévenin 
terminations. 


Optimum Design 

Optimum ac termination for a 
point-to-point application is achieved 
when the peak amplitude of the first 
signal reflection on the transmission 
line equals the driver’s open-circuit 
voltage. Meeting this criterion results 
in a terminated signal with sufficient 
amplitude to achieve acceptable noise 
margins, while keeping signal over- 
shoot and edge-to-edge interaction to 
a minimum. The design involves the 
calculation of the capacitance value for 
the ac termination. 

When driver rise times are rela- 
tively small and the bus propagation 
delay is significantly less than the sig- 
nal edge-to-edge times, equation (1) 
can be applied (see sidebar p. XX), 
where tp = propagation delay (ns); Zp = 


characteristic impedance of the trans- 
mission line; Rg = source impedance; 
and G = source reflection coefficient. 

Solving for the optimal termination 
capacitance value gives rise to equa- 
tion (2) in the sidebar. 

In a practical example, a system 
employs a 66-MHz data bus which 
must be terminated. The bus imped- 
ance, including loading effects for this 
system, is 60 Q. The bus has a one- 
way 0.8-ns propagation delay. The dri- 
ver on the bus has an internal 10-Q 
impedance, and rise and fall times 
equal to 600 ps. Signal edge-to-edge 
time is 15 ns. 

Inserting the values from the 
above example and multiplying the 
propagation delay by 1000 to obtain a 
result in picoFarads gives a termina- 
tion capacitance value shown in equa- 
tion (8) in the sidebar. 


Simulation Results 

When this termination capacitance 
is plugged into a Spice simulation, the 
signal amplitude maintains acceptable 
noise margins, while keeping over- 
shoot and edge—to-edge interaction to 
aminimum (Fig. 1a and b). 

Note that the terminated wave- 
form rises to some initial voltage, 
which is determined by the driver 
voltage and the ratio of the driver's in- 
ternal impedance to the bus imped- 
ance. The capacitor begins to charge, 
causing a reflection, and the termina- 
tion voltage begins to rise. The wave- 
form then reaches a peak, after which 
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2. The square of the voltage across the resistor, which is equal to the square of the area between 
the capacitor and termination voltage, divided by the resistance is equal to the power dissipated 
in an ac termination resistor. In this simulation, Veb(2tp)/V<=1. 


3. When a signal is sent down a transmission 
line with ac termination, it can be modeled as 
a linear ramp going from 0 to V,, with a rise 
time of tp. At the end of tp, the signal 
remains at V,,. 


it remains relatively flat. This plateau 
indicates that reflections are mini- 
mized. Using larger or smaller capaci- 
tor values results in ringing or 
edge-to-edge interactions. 

There may be a timing budget im- 
pact depending on the desired noise 
margins. The signal waveform rises or 
falls to some initial value and then con- 
tinues as the capacitor charges or dis- 
charges. If this initial amplitude is 
within acceptable noise margins, then 
ac. termination has no more impact on 
the timing budget than a standard 
parallel termination. If, however, the 
initial amplitude isn’t sufficient, the 
timing budget must include the addi-_ 
tional time required for the signal to 
reach the required level. 

If the capacitor is made exces- 
sively large, it can retain a significant 
charge from edge-to-edge, causing a 
walking baseline that’s duty-cycle de- 
pendent. Thus, for short duty cycles 
(for either the logic high or low por- 
tion of the signal), edge—to—edge in- 
teraction is a concern. Effects on the 
waveform would appear as a signifi- 
cant change in the initial voltage 
reached just after the edge arrival, 
and as a longer time to reach the re- 
quired signal levels. 


A Low-Power Solution 

The power dissipated in an ac ter- 
mination resistor equals the square of 
the voltage across the resistor divided 
by the resistance. This figure is equal 
to the square of the area between the 
capacitor and termination voltage 
(Fig. 2). Note that power is dissipated 
only when transitions occur, and 
therefore, power is duty-cycle depen- 
dent. Also, the area between the ca- 
pacitor and termination voltage is 
about 25% to 30% of the whole area of 
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the termination voltage. Because 
power dissipation is based on the 
square of the voltage, ac termination 
will consume less than 10% of the 
power consumed by parallel termina- 
tion under the same conditions. 

Based on this analysis, the system 
designer can charge the capacitor al- 
most completely while providing ef- 
fective termination. The signal cur- 
rent through the termination resistor 
can be a small fraction of the current 
through a parallel termination. (Paral- 
lel termination also may include de 
power-supply current.) This design 
can significantly reduce the power- 
supply cost. 


Point-to-Point Applications 

For practical ac-termination appli- 
cations, the termination resistor value 
equals the transmission-line imped- 
ance. The interplay between the ca- 
pacitance and other system conditions 
makes the termination-capacitance 
value more difficult to determine. 
Whether a design can benefit from ac 
termination requires determination of 
specific performance issues and fac- 
tors which may contribute to the loss 
of signal integrity. This analysis con- 
siders the effects of signal rise time, 
reflections, overshoots, and under- 
shoots in determining an optimal ac 
termination design. 


Rise-Time Effects 

The system designer must know 
under which conditions a signal edge 
retains its integrity and timing posi- 
tion. A slow edge may invalidate the 
capacitance value computed in the 
optimum design. A signal launched 
down a transmission line with ac ter- 
mination can be modeled as a linear 
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Region 2 solution invalid. 


ramp from 0 to some maximum volt- 
age, Vin, with a rise time of tp, after 
which the signal remains at V,, (Fig. 
3). Vm may be smaller than the dri- 
ver amplitude due to the driver’s 
source impedance. Assume that the 
driver is relatively stiff with a source 
impedance, RS, less than the charac- 
teristic impedance of the transmis- 
sion line, Zp. The launched signal am- 
plitude, Vm, is related to the 
open-circuit driver signal amplitude, 
Vg, by equation (4) in the sidebar, 
where Zy = the transmission line’s 
characteristic impedance; Rg = the 
source impedance; and G = the 
source reflection coefficient. 

In the region where the linear ramp 
is occurring (Fig. 4), the reflected volt- 
age, V,, is shown in equation (5) in the 
sidebar, where tp = rise time; C = ter- 
mination capacitance; and Vo = any ini- 
tial voltage on the capacitor due to 
previous conditions. 

The reflected voltage in Region 1 
starts at 0 (when Vo = 0) and in- 
creases. The total voltage at the ter- 
mination will be larger than the inci- 
dent voltage. The effect of ac 
termination is to steepen the edge 
rate slightly and reduce the apparent 
arrival time of the signal. 

In Region 2, the initial ramp is com- 
pleted and the reflected voltage is 
shown by equation (6) in the sidebar. 
In this equation, the time origin is at 
the beginning of Region 2 and is not 
the same as t in the previous equation. 
For very small rise times,tp can be 
taken to 0, Regions 1 and 2 combine, 
and the reflected voltage is shown in 
equation (7) in the sidebar, where V,. 
is the reflected voltage using a zero 
rise-time approximation. The zero 
rise-time approximation is valid if 


Vr1(tp) is small compared to Vip. 

Using the series expansion for the 
exponential function, Vr1(tp)/Vp is on 
the order of tp/4Z9C. This suggests 
that under most circumstances 
(where tr < ZoC/2), the rise time of 
the driver signals is fast enough to 
have negligible affect on termination 
performance. Using this result, the 
driver rise time is neglected and the 
equation for the optimum value of ca- 
pacitance can be derived. 

The result from the previous equa- 
tion indicates that the reflected volt- 
age is rising toward Vy, with a time 
constant of 2Z9C. The total voltage at 
the termination end is rising toward 
2V.n. The reflected signal will travel 
back to the source, be reflected, and 
return to the termination end (Fig. 5). 

The reflection from the source will 
arrive at the termination end of the 
line, change the voltage waveform, 
and cause another reflection back to 
the source. Because the reflection co- 
efficient at the source is negative (low 
source impedance), the reflection from 
the source will be opposite in polarity 
from the reflection at the termination. 
The series of reflections should 
quickly reduce in amplitude and die 
away in a manner comparable to what 
happens in a close, but not exact, ac 
termination condition. The largest am- 
plitude overshoot will occur with the 
first reflection at the termination end, 
and (approximately) when this reflec- 
tion arrives back from the source. The 
peak amplitude above V,, is shown in 
equation (8) in the sidebar. 

A Spice simulation of Vrmax for var- 
ious values of ZoC gives a comparison 
of the peak overshoot from the simula- 
tion versus the predicted values from 
the previous equation (Fig. 6). Note 
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4. This plot shows an example of signals with finite rise and fall times 


at the end of an ac-terminated transmission line. 


5. When the first reflection returns from the source, the signal will be 


reflected and return to the termination end. 
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that the result is in terms of the 
launched signal amplitude, V,, (not the 
open-circuit driver amplitude), and 
that the overshoot is measured with 
respect to Vip. 

It’s desirable to keep the overshoot 
low to prevent the forward biasing of 
semiconductor structures in compo- 
nents connected to the line. Moreover, 
having large overshoots indicates 
large reflections which could upset the 
signal integrity, creating an error ina 
clocked-in value. Additionally, large 
reflections will be present at a subse- 
quent signal transition, disrupting the 
signal integrity associated with the 
signal’s new state. 

Solving for ZoC gives the minimum 
capacitance value required to limit the 
overshoot to Vrmax as shown in equa- 
tion (9) in the sidebar. 


Determine The Optimum Value 

System designers also must con- 
sider the effect of reflections and the 
capacitor’s charge state on subsequent 
signal transitions. When a new transi- 
tion occurs, the capacitor will be 
charged to some level determined by 
the dynamics of the previous transi- 
tion. Also, reflections from the previ- 
ous transition may not have summed 
to an insignificantly small value. For 
example, in a circuit with a very large 
capacitor, the capacitor voltage 
changes very little from transition to 
transition. The capacitor will eventu- 
ally charge to the signal’s average 
level. Reflections will be negligible, 
and the voltage at the termination 
point will be ideal. However, the 
source generally isn’t stiff and may 
have an internal impedance on the or- 
der of 10 Q or more. For a 50-Q line, 
the signal amplitude will be 5/6 of the 
open-circuit drive level or a little over 
4V p-p for a5-V driver. A large termi- 
nation capacitor will tend to charge to 
about 2.5 V (for a 50% duty cycle), and 
the signal swing at the line’s termina- 
tion end will be about 0.5 V to 4.5 V. 
The results are a reduced signal ampli- 
tude and a decrease in the logic 0 noise 
margin. These drops suggest a very 
large capacitor isn’t suitable for practi- 
cal source impedances. In addition, 
this situation makes these signals 
duty-cycle dependent. As the duty cy- 
cle changes, the average charge on the 
capacitor changes, resulting in a wan- 
dering baseline that reduces the noise 


TABLE 1 


Rs/Zo tD/ZoC 
0.1 0.105 
0.2 0.223 
0.3 0.357 
0.4 0.511 
0.6 0.916 

Rs/Zo | ZOCAD min. 
01 2.05 
0.2 1.80 
03 465 
0.4 1.35 


margin to the input logic thresholds. 
An overshoot may be desirable in 
some specific situations. Designers 
could use the overshoot to make up for 
amplitude loss due to the source im- 
pedance. Complete analysis of the en- 
tire transient may be required. More- 
over, only specific regions in the signal 
waveform may be of interest. For ex- 
ample, the overshoot could ensure 
that the noise margin of a data line is 
within a set-up and hold time around a 
clock edge, and the signal may be al- 
lowed to violate the noise margin else- 
where. Note that the peak overshoot 
occurs at 2tp after the signal’s rising 
edge, impacting the timing budget and 
possibly limiting the applicability of 
this technique. One must wait until | 
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the overshoot brings the signal to the 
appropriate level, which could be as 
long as 2tp. Determining the maxi- 
mum value of capacitance in all these 
cases requires simulation. 


Edge-To-Edge Interaction 
Meeting the criterion that the first 
overshoot peak reach the driver’s 
open-circuit voltage (Vg) drives the 
termination to the steady-state volt- 
age. If the driver were to maintain its 
state indefinitely, the capacitor would 
charge to Vg and all reflections would 
die away; there would be no current in 
the transmission line and the termina- 
tion voltage would be at Vg. Design- 
ing such that the termination voltage 
reaches Vg is an optimum condition 
for reaching a quiescent state and for 
minimizing edge-to-edge interaction. 
This solution is a best-case scenario, 
giving the fastest rise time-signal 
with no overshoot. The analysis and 
simulation results confirm that set- 
ting the capacitance value such that 
the peak overshoot is equal to the 
open circuit driver provides an opti- 
mum solution for reducing noise mar- 
gins and minimizing edge-to-edge in- 
teractions. By imposing this 
requirement, the minimum value of 
tp/ZoC can be calculated using the op- 
timum design equation (Table 1). 


Multidrop Environments 
When multiple receivers are dis- 
tributed along the line, it is desirable 
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6. When VRinox is solved for various values of Z)C, the result gives a comparison of the peak 
overshoot from the simulation versus the predicted values. In the plot, Vo = 0 and Rs = 0. 
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to have signal integrity at each receiv- 
ing point. With optimum termination 
and a 10-Q source resistance, Rg, the 
curves show the signal at equally 
spaced points along the transmission 
line (Fig. 7). 

The left-most curve at the rising 
edge is the signal at the driver, and 
the curves at successively later times 
are at positions along the transmis- 
sion line from the source to the termi- 
nation. Note, in particular, the first 
curve (driver end)—the signal rises 
rapidly to V», and then rises to Vg 
only after many tp times. Successive 
signals down the transmission line 
show incremental improvement 
reaching the optimum termination at 
the furthest point on the line. The re- 
sults indicate that, while the signal 
overshoots are virtually nonexistent, 
the time it takes for a signal to reach a 
given level above V,, increases as a 
receiver moves toward the driver end 
of the line. 

These simulations present three in- 
teresting results: as expected, the sig- 
nal level is initially better with lower 
source impedance; after about 4tp, the 
signals under larger source impedance 
reach higher levels faster than signals 
under smaller source impedance; and 
all signals appear to monotonically in- 
crease to the driver’s open circuit volt- 
age. If a time constant is attributed to 
the rising curves, it is roughly ZoC by 
empirical determination. 

With multidrop receivers, depend- 
ing on the signal level needed at a par- 
ticular time after the signal transition, 
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8. Reducing the termination capacitance is one way to raise the signal levels (while accepting 
an overshoot at the termination end) and improve the rate at which the signal at the other 


points on the line rises to the required level. 


ac termination may have limited effec- 
tiveness. The signal’s ability to 
achieve required amplitudes at a re- 
ceive point at or near the line’s driver 
end is limited by several line delays, 
tp, and the Z)C product. Even with 
these limitations, ac termination may 
be suitable for short buses and loads 
clustered toward the end of the line 
opposite the driver. 

An approach to raising the signal 
levels, if required, is to reduce the ter- 
mination capacitor value, accept an 
overshoot at the termination end, and 
improve the rate at which the signal at 
the other points on the line rise to the 
required level (Fig. 8). The receivers 
in about the last half of the bus see sig- 
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7. This simulation shows signals at multiple receive points along a line when employing the 
optimum termination and a 10-W source resistance 


nal levels at or above the driver’s 
open-circuit voltage within 3tp. This 
improvement is considerable over the 
optimum termination at the expense 
of overshoot at points near the termi- 
nation end of the line. 

System designers must make a 
trade-off in tolerating overshoot 
above the optimum design level (and 
some ringing) to ensure improved sig- 
nal level toward the driver end. This 
technique also could impact the timing 
budget. Note that the time it takes a 
signal (at some given point along the 
line) to rise (or fall) to a given level 
could exceed the time it takes for the 
terminated signal to reach its peak. As 
a result, the clock edge would be re- 
quired to be moved later in time to 
guarantee successful clocking-in of the 
signal. The situation improves as the 
driver source impedance decreases. 
This decrease allows the signal ampli- 
tude to reach the desired level without 
compromise, providing that a low 
enough impedance can be achieved in 
the driver. Since multiple reflections 
are involved, simulation is the best ap- 
proach in selecting the optimum ac- 
termination capacitor value. 

Even though the smaller source re- 
sistances improve the levels, the sig- 
nal’s apparent rise time at the line’s 
driver end actually gets slower. If the 
source resistance must be so greatly 
increased as to require a series termi- 
nation at the driver, and no termina- 
tion at the opposite end of the trans- 
mission line, it’s better to select 
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another termination alternative. 

When the termination is at the op- 
posite end of the line from the driver, 
ac termination can be used in a single 
source, multidrop situation. Because 
the desired signal characteristics de- 
grade as the receivers move from the 
termination end to the driver end, it’s 
advantageous to have the receivers 
clustered near the termination end of 
the line. To achieve good signal charac- 
teristics at the receiver closest to the 
driver, the termination capacitance 
must be lowered to achieve acceptable 
signal levels within a given time from 
the signal edge. This design comes at 
the expense of overshoot at the termi- 
nation end. Moreover, the section of 
the line with the clustered receivers 
will have a lower characteristic imped- 
ance than the unloaded section of the 
line between the driver and the first 
receiver. This technique requires that 
the line be designed for different un- 
loaded impedance in these two line 
sections so that when loaded, the line 
impedance will be constant over the 
entire length. 


I 
j ' Multiple Drivers On The Line 
a i a 170 | When multiple drivers or sources 

Oa € ws \e o i exist along the transmission line, it’s 
appropriate to terminate both ends of 
| the line. As indicated in the multidrop 
| analysis, the optimum termination ca- 
| pacitance is determined by the line’s 
i propagation delay. However, as the 
source moves along the line, the opti- 
| mum capacitance value changes, and 
' the termination dynamics change as a 
| result of the driver’s position. No opti- 
| mum solution exists for multiple dri- 
ver configurations, only trade-offs, un- 
| less the line is short. Simulation is the 
' simplest way to determine system 
| performance (Fig. 9). 
‘Inthe multidrop and multisource 
environments, it was observed that 
' the signal amplitude near the dri- 
' ver took a longer time to rise to its 
| final level than the signal at the ter- 
| mination end. If the initial ampli- 
tude of the signal is sufficient for 
| the required noise margin, then the 
' optimum design can be used. How- 
; ever, if this amplitude is not suffi- 
i cient, the timing budget must be 
adjusted accordingly. 
' To minimize the adjustment, it 
| may be desirable to let the signal at 
| the termination end overshoot the 
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9. Ina multidriver environment with short lines, ac termination can be quite effective. In this 
example, the driver resistance is 10 W and the termination capacitors at each end of the line are 


adjusted to give the best results. 


driver’s open-circuit voltage so as to | 
gain signal amplitude elsewhere. 

Knowing that reducing the capaci- | 
tor value increases the reflections, | 
it’s possible that subsequent reflec- | 
tions may cause the signal at the ter- : 
mination to fall below its final value. 
The analysis in this section seeks a |! 
capacitor value that is smaller than | 
that given by the initial calculation ; 
for C, thereby increasing the signal | 
amplitude at the multidrop points, 
and preventing undershoot (signal ! 
going lower than the final value due ; 
to reflections). 

When the reflection returns from 
the source and arrives at the line’s ! 
termination end, the charging condi- | 
tions on the capacitor change. To sim- | 
plify this analysis, the initial capaci- | 
tor voltage, Vo, is taken to be zero. 
The reflection returns from the ! 
source delayed by 2tp and multiplied | 
by the source reflection coefficient, G. | 
The equation for the voltage at the | 
termination (less the incident volt- 
age, V,,) in the region after the reflec- ! 
tion from the source arrives at the | 
termination end (t>2t,) is shown in | 
equation (10) in the sidebar. 

In this equation, t is referenced to 
the beginning of this region. The re- ! 
sults show that the overshoot voltage | 
will decline toward the value (1+2G) | 
Vin With a large overshoot, the large 
reflection can return (inverted), and ! 
at some time in the future cause the |! 
signal to undershoot the desired ; 
value. This undershoot may occur at | 


any time following the initial over- 
shoot peak. Though it’s difficult to do 
a complete analysis, it’s reasonable to 
suppose that if the capacitor voltage 
ever rises above Vg, the termination 
effect is reduced to the point that 
large amplitude reflections will con- 
tinue. This result suggests that pro- 
longed ringing can be suppressed if 
the capacitor voltage is not permitted 
to rise above Vg during Region b 
(Fig. 4, again). Examining the capac- 
itor voltage in Region b, the voltage 
at the end of the validity of Region b 
(t = 2tp) is defined by equation (11) in 
the sidebar. 

This voltage is in terms of the 
open-circuit source voltage, Vs. By 
requiring that the capacitor voltage 
never rise above Vs (i.e., keeping the 
termination voltage from under- 
shooting Vg), another criterion is set 
for determining the minimum value 
of the capacitor. If it’s desirable to al- 
low larger then optimum overshoots 
for multidrop situations, using this 
criterion will minimize undershoot- 
ing the steady-state level at the ter- 
mination end (Table 2). 

Dr. John Nemec, director of appli- 
cations at California Micro Devices, 
holds a Ph.D. in Electrical Engineer- 
ing from the University of Houston. 


How VALUABLE CIRCLE 
HIGHLY 532 
MopDERATELY 533 
SLIGHTLY 534 


